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Abstract
Background—To learn words and acquire language, children must be able to discriminate and 
correctly perceive phonemes. Although there has been much research on the general language 
outcomes of children with cochlear implants (CIs), little is known about the development of 
speech perception with regard to specific speech processes, such as speech discrimination.
Purpose—The purpose of this study was to investigate the development of speech discrimination 
in infants with CIs and identify factors that might correlate with speech discrimination skills.
Research Design—Using a Hybrid Visual Habituation procedure, we tested infants with CIs on 
their ability to discriminate the vowel contrast /i/-/u/. We also gathered demographic and 
audiological information about each infant.
Study Sample—Children who had received CIs before 2 yr of age served as participants. We 
tested the children at two post cochlear implantation intervals: 2–4 weeks post CI stimulation (N = 
17) and 6–9 mo post CI stimulation (N = 10).
Data Collection and Analysis—The infants’ mean looking times during the novel versus old 
trials of the experiment were measured. A linear regression model was used to evaluate the 
relationship between the normalized looking time difference and the following variables: 
chronological age, age at CI stimulation, gender, communication mode, and best unaided pure-
tone average.
Results—We found that the best unaided pure-tone average predicted speech discrimination at 
the early interval. In contrast to some previous speech perception studies that included children 
implanted before 3 yr of age, age at CI stimulation did not predict speech discrimination 
performance.
Conclusions—The results suggest that residual acoustic hearing before implantation might 
facilitate speech discrimination during the early period post cochlear implantation; with more 
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hearing experience, communication mode might have a greater influence on the ability to 
discriminate speech. This and other studies on age at cochlear implantation suggest that earlier 
implantation might not have as large an effect on speech perception as it does on other language 
skills.
Keywords
cochlear implants; speech perception
INTRODUCTION
A primary reason that cochlear implants (CIs) are provided to deaf and hard-of-hearing 
infants is so that they may acquire spoken language. To learn words and acquire language, 
children must be able to discriminate and correctly perceive phonemes. Consequently, the 
success of CIs depends in large part on how well the devices are able to enhance the user’s 
speech perception skills and, specifically, their ability to correctly perceive phonemes.
Phoneme perception depends on several factors. The most obvious is the audibility of the 
acoustic–phonetic information in speech (i.e., hearing thresholds and dynamic range across 
the frequency range of the human voice). But phoneme perception also involves perceptual 
processes to interpret the raw acoustic–phonetic information into phonemes. The ability to 
process various levels of auditory information is crucial to understanding speech (Aslin and 
Smith, 1988; Holt, 2011). In their review of perceptual development, Aslin and Smith (1988) 
described three structural levels of perception that can be applied when examining the 
development of speech perception. The first level is the “sensory primitives” stage where 
sensory stimulation, such as an auditory stimulus, is detected. Development from the initial 
stage involves the restructuring of sensory primitives at the second level, the “perceptual 
representations” stage. At this level, stimulation is converted into a neural code that 
translates into meaningful objects or events. Although these elements can be discriminated 
from other elements, they do not carry semantic meaning until the final stage. The final level 
is the “higher order representations” stage where semantic meaning is provided to the 
events. Although there most certainly are top-down effects in speech perception, this 
perceptual framework suggests that one must first be able to detect speech to discriminate 
one sound from another. Subsequently, one must be able to discriminate among or between 
speech sounds to recognize words correctly (Holt, 2011). These higher level perceptual 
processes can be affected by several demographic variables related to the infant’s early 
experience with sound (e.g., age of deafness onset, amount of residual hearing before 
implantation, age at implantation). Determining the role of early auditory experience on the 
development of fundamental linguistic skills such as speech perception can help inform 
intervention strategies and, thus, help mitigate the effects of hearing loss on language 
development.
One demographic variable related to early auditory experience that might affect phoneme 
perception is age at cochlear implantation because age at implantation has been found to 
broadly affect language acquisition across several studies using a variety of measures. 
Research on the general language development of children with CIs suggests that earlier 
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implantation leads to better vocabulary and receptive and expressive language (Kirk et al, 
2002; Svirsky et al, 2004; Dettman et al, 2007; Geers et al, 2007; Nicholas and Geers, 2007; 
Holt and Svirsky, 2008; Miyamoto et al, 2008; Colletti, 2009; Colletti et al, 2011).
Despite these age-at-implantation findings for general language development, studies that 
have investigated the effects of early implantation on speech perception have been limited 
and have yielded mixed results. In children with CIs, investigators usually evaluate speech 
perception using either closed- or open-set tests of word recognition. In closed-set testing, 
children are asked to identify a word or select a response based on a limited number of 
items. In open-set testing, children are presented with words or sentences and asked to repeat 
back what they have heard. These measures are limited in the sense that they do not provide 
precise information regarding which phonemes children with CIs can and cannot 
discriminate and/or identify. Nonetheless, they do provide a general measure of speech 
perception. With these methods, some studies have found that children implanted before 3 yr 
of age perform better than children implanted later (Nikolopoulos et al, 2004; Svirsky et al, 
2004; Zwolan et al, 2004), whereas others have not revealed age-at-implantation effects in 
children implanted before 2 yr of age (Holt and Svirsky, 2008; Houston and Miyamoto, 
2010; Leigh et al, 2013).
One possible explanation for the lack of earlier age-at-implantation effects for speech 
perception is that the tests that are used might not be sensitive enough to detect differences 
in speech perception. Another possible explanation is that speech perception cannot be 
measured using these methods until the children are older for methodological/developmental 
reasons. Additionally, word recognition testing is influenced by vocabulary, and children 
with hearing loss have gaps and/or delays in their lexical development (e.g., Carney et al, 
1993). Perhaps by the time the children are old enough to be tested using these conventional 
assessments, age-at-implantation effects among children implanted before 2 yr of age have 
become diminished by other factors, such as communication mode and social experience. 
One way to address this problem would be to test children when they are younger using 
materials that are not influenced by language development and methods that are 
developmentally appropriate. Unfortunately, the inability of very young children to 
participate in conventional testing batteries used in older children has largely limited their 
clinical assessment to parent-report questionnaires that assess general auditory attention, 
integration, and comprehension. With these parent assessments, some studies have found 
effects of age-at-implantation on the auditory skills of children implanted before their first 
birthday (Zwolan et al, 2004; Colletti et al, 2005; 2011).
These studies provide useful information regarding general listening skills and language 
outcomes in early-implanted children; however, because these studies use general language 
assessments, they do not provide us with information on the development of speech 
perception. To better assess speech perception in infants, a more sensitive and objective 
measure, such as speech discrimination, is needed.
To date, there have been few studies focusing on speech discrimination in early implanted 
children. Using a Visual Habituation (VH) procedure, Houston et al (2003) reported that 
prelingually deaf infants who received CIs before the age of 24 mo were able to discriminate 
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the words “hop hop hop” and “ah” at 1 mo (n = 7), 3 mo (n = 8), and 6 mo (n = 8) post 
cochlear implantation. In another study, Horn et al (2007) tested ten prelingually deaf infants 
who were implanted before 24 mo of age and had a mean hearing age of 1.4 mo on their 
ability to discriminate two audiovisual nonwords, “seepug” and “boodup,” with a modified 
VH procedure. They found that the infants with CIs discriminated these audiovisual 
nonwords; however, there was no effect of age at implantation, age at test, length of CI use, 
or pre CI residual hearing on discrimination ability. It is important to note that one drawback 
to this study was that it could not be determined whether performance of the infants with CIs 
was due to auditory ability, visual ability, or both.
The purpose of the current study is to investigate the development of speech discrimination 
in infants with CIs and identify factors, such as age at implantation, that correlate with 
speech discrimination skills. Discovering relationships between these factors and speech 
perception will provide valuable information about the role of early auditory experience on 
the development of speech perception abilities in deaf children who use CIs.
Using a version of the Hybrid VH procedure, we tested prelingually deaf children who 
received CIs before 24 mo of age on their ability to discriminate the vowel contrasts /u/ 
and /i/. Our hypothesis is that if early auditory experience is important for speech 
discrimination, then age at implantation, length of CI use, and amount of residual hearing 
should predict performance on this speech discrimination task.
METHODS
Participants
Thirty-one children implanted at the Indiana University School of Medicine served as 
participants. Twenty-one participants (8 males, 13 females) were included in the final 
analyses; of those excluded, eight infants failed to complete the experiment and two went on 
to have a diagnosis of developmental delay. Although some studies have shown that children 
with inner ear malformations may demonstrate poorer speech perception outcomes 
(Rachovitsas et al, 2012; Black et al, 2014), we included two children with Mondini 
malformation in our study because they did not have any known developmental delay and 
performed within the range of the other participants. The children were from English-
speaking homes. All participants had a hearing loss in the better ear of >86 dB HL, and they 
all received a CI before 24 mo of age. Seventeen children were tested on a speech 
discrimination task at 2–4 weeks post CI stimulation (early interval; N = 17, mean age = 
16.4 mo, standard deviation [SD] = 3.6; mean hearing age = 0.8 mo, SD = 0.3) and ten 
children were tested at 6–9 mo post CI stimulation (later interval; N = 10, mean age = 23.2 
mo, SD = 2.8; mean hearing age = 7.5 mo, SD = 1.8). Six children completed testing at both 
the early and later intervals. By caregiver report, participants did not have an ear infection at 
the time of testing and did not have >4 ear infections before 12 mo of age or six ear 
infections before 30 mo of age. All participants’ parents provided informed consent per the 
university Institutional Research Board policies. Parents were reimbursed $10 for their 
participation for each speech discrimination task.
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Demographic Information
Demographic information and audiological history on each participant were collected and 
are summarized in Table 1. This information included age at the time of CI stimulation, 
chronological age at the time of speech discrimination testing, hearing age at the time of 
testing, gender, etiology of hearing loss, communication mode, and race. Audiological 
history also included the best unaided pure-tone average (PTA), obtained before 
implantation, as averaged across three frequencies (500, 1000, and 2000 Hz); a “no 
response” was coded as 120 dB HL for PTA calculation. The mean best unaided PTA for the 
group tested at the early interval was 108.7 dB HL (SD = 11.14, range = 86.7–120.0) and for 
the group tested at the later interval was 106.9 dB HL (SD = 11.35, range = 86.7–120.0). 
Detailed audiological information at the time of testing, including the device used in each 
ear (e.g., CI alone, bilateral CI, or CI with hearing aid), type of CI, and speech coding 
strategies, is summarized in Table 2. Of note, all children with bilateral CIs were implanted 
simultaneously. Using an independent samples t test, we found no significant difference in 
the best unaided PTA between the group tested at the early interval versus the group tested at 
the later interval.
Speech Discrimination
Apparatus—The experiment was conducted in a sound booth. A 55″ wide-screen 
television monitor was located inside the sound booth with a wooden façade built around it 
so that only the screen was visible to the participants. A camera was used to watch and 
record infants’ looking behavior and was placed above the television monitor behind a small 
hole in the façade. The camera was connected via closed circuit to an observation monitor 
located in a control room adjacent to the sound booth. During testing, an experimenter 
observed from the control room and controlled the experiment using a G4 Macintosh 
computer running Habit software (Cohen et al, 2004), which contained the audio and image 
files used to test the infants.
Auditory Stimuli—Auditory stimuli consisted of the vowel contrast /i/-/u/. A single, 
synthetically produced token of each vowel was created using the KLSYN speech synthesis 
program (Klatt, 1980) and a Pentium III computer. The duration of each token was 410 
msec, and the interstimulus interval was 400 msec. The formant values were based on 
Hillenbrand et al (1995). F1 for /i/ was 270 Hz and for /u/ was 300 Hz. F2 for /i/ was 2300 
Hz and for /u/ was 850 Hz. The total root-mean-square power was equalized between the 
two vowels. These vowels were chosen based on previous studies showing that 8- to 12-mo-
old normal-hearing infants could easily discriminate this contrast (Trehub, 1973; Tsao et al, 
2004). In a preliminary study, 9-mo-old children with normal hearing (n = 40) who were 
tested in our laboratory could also discriminate this contrast easily (p < 0.0001). Auditory 
stimuli were presented above the children’s aided CI thresholds at an average root-mean-
square of 65 dBA.
Visual Stimuli—A single image of a checkerboard pattern was displayed concurrently 
with all auditory stimuli during each trial of the experiment. Additionally, a silent video of a 
smiling baby was used as an attention-getter before each trial, and a computer-graphic 
animation consisting of a looming geometric shape paired with a sequence of short, 
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frequency-varying tones was used to gauge the infants’ general attention level before and 
after the experiment.
Procedure—The experiments were conducted using a version of the Hybrid VH procedure 
(Houston et al, 2007). Figure 1 illustrates the experiment set-up. Infants were seated on their 
caregiver’s lap in front of the television monitor. At the beginning of each trial, a video of a 
smiling baby (the attention-getter) was presented in the center of the screen until the infant 
oriented to the center. Then, the attention-getter turned off and a checkerboard pattern 
appeared concurrently with repeated presentations of the auditory stimuli. Each trial 
continued until the infant looked away for one second or until the infant looked for a 
maximum of 30 sec. The amount of time the infant looked at the checkerboard while the 
stimuli were presented was recorded for each trial in real time by the experimenter.
The experiment consisted of two phases: habituation and test. During the habituation phase, 
the infants were presented with repetitions of one of the vowels (e.g., /u/). The habituation 
phase continued until a maximum of 15 trials was reached or until the habituation criterion 
was met. The habituation criterion was defined as three consecutive trials in which the 
infant’s mean looking time to the video was ≤50% of the infant’s mean looking time during 
the first three trials. After the habituation criterion was reached, the test phase began.
During the test phase, infants were presented with ten “old” trials and four “novel” trials in 
pseudorandom order. The old trials consisted of repetitions of the vowel presented during 
habituation (i.e., /u/-/u/-/u/…). The novel trials consisted of repetitions of the vowel 
presented during habituation alternating with repetitions of the novel vowel 
(i.e., /i/-/u/-/i/…). The first two test trials consisted of a novel trial and an old trial, the order 
of which was counterbalanced across participants. The remaining 12 test trials were grouped 
into three blocks of four trials. Within each block, there were three old trials and one novel 
trial presented in random order. However, if one block ended with a novel trial then the 
subsequent block did not begin with a novel trial, which prevented the occurrence of two 
consecutive novel trials. After the experiment was completed, the infant’s mean looking 
times to the checkerboard pattern during the novel versus old trials were measured.
RESULTS
The normalized looking time difference between the novel and old trials was calculated 
using the following equation:
A linear regression model was then used to evaluate the relationship between the normalized 
looking time difference and the following variables: chronological age, age at CI 
stimulation, gender, communication mode, and the best unaided PTA. Early and late 
intervals were analyzed with separate linear regression models, which predicted 32% of the 
variance in looking time difference at the early interval and 52% of the variance at the later 
interval. At the early interval, the results revealed that the best unaided PTA was the only 
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factor that accounted for a significant amount of variance in looking time differences. The 
best unaided PTA significantly predicted speech discrimination based on normalized looking 
time difference values at the early interval [b = −0.57, t(17) = −2.65, p = 0.018], but not at the 
later interval. These results are displayed in Table 3. Figure 2 illustrates the normalized 
looking time difference versus the best unaided PTA at the early interval on a scatterplot. 
Among the early group, approximately half of the participants (9 out of 17) had the best 
unaided PTAs >110 dB HL; these participants significantly discriminated between the novel 
versus the old stimuli [t(8) = 2.089, p = 0.035 (one-tailed)].
At the later interval, communication mode was the only factor that significantly influenced 
normalized looking time difference values [β = 0.87, t(10) = 2.698, p = 0.031]. Children who 
use an oral mode of communication (OC) generally performed better than children who use 
total communication (TC). However, only two participants used TC, so the results as shown 
in Table 4 should be interpreted with much caution.
Age at CI stimulation, chronological age, and gender were not significant predictors of 
speech discrimination at either testing interval.
DISCUSSION
The goal of the present study was to investigate the development of speech discrimination in 
infants with CIs and identify factors that might correlate with speech discrimination skills. 
We found that residual hearing (as measured by the best unaided PTA) at 2–4 weeks post 
cochlear implantation was significantly correlated with performance on a vowel 
discrimination task. However, there was no significant influence of chronological age, age at 
CI stimulation, or gender.
The results suggest that some amount of residual acoustic hearing before implantation may 
facilitate the development of speech discrimination early on. At the early interval, children 
with comparatively more residual hearing discriminated the contrasts better than children 
with less hearing before cochlear implantation, although these results should be interpreted 
cautiously given the small sample size. One possible explanation for these findings may be 
related to the fact that children with more residual hearing have had more access to auditory 
information from birth. Having more access to hearing, even nonoptimal, limited amounts 
that is amplified through hearing aids or that is unamplified (and naturally intense), from the 
very beginning of development might be more valuable for speech perception than receiving 
more robust access to sound via a CI at an earlier age. The access, albeit limited, to sound 
from birth might, for example, lead to these infants to attend more to speech (Houston and 
Bergeson, 2014). Another possibility is that the residual hearing provides infants with 
complementary acoustic hearing to their electric hearing. This may be especially important 
during the early post cochlear implantation periods before the infants adapt to the electric 
hearing.
In the later interval of testing, we found that communication mode was a significant 
predictor of performance on this speech discrimination task. Children who employed an OC 
had better vowel discrimination than children who used TC. However, these results should 
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be interpreted conservatively as there were only two children in the later interval group who 
used TC. Additionally, it is possible that the difference in performance between children 
using OC versus TC could be influenced by factors that were not accounted for in this study, 
such as cognitive ability and socioeconomic status. Nevertheless, other studies have 
similarly demonstrated that, with device experience, children who use OC often perform 
better than children who use TC on some speech perception tasks (Meyer et al, 1998; 
Osberger et al, 1998; O’Donoghue et al, 2000; Young et al, 2000; Kirk et al, 2002). In the 
current study, the auditory modality was the only process tested. Thus, one possible 
explanation for this finding is that children who use OC may rely more heavily on auditory 
cues in their daily interactions than children who use TC, who also employ signing and other 
visual aids when communicating. As a result, children who use OC may be able to perform 
better on an auditory-only discrimination task.
Our findings are consistent with other studies indicating that the age of implantation at <2 yr 
of age does not have an effect on speech perception skills (Harrison et al, 2005; Horn et al, 
2007). However, studies that have investigated broad measures of language development 
(e.g., vocabulary, word learning) have demonstrated that earlier implantation leads to better 
language outcomes (Kirk et al, 2002; Svirsky et al, 2004; Dettman et al, 2007; Geers et al, 
2007; Nicholas and Geers, 2007; Holt and Svirsky, 2008; Miyamoto et al, 2008; Colletti, 
2009; Colletti et al, 2011; Houston et al, 2012). One possible reason to explain these 
seemingly opposing findings is that very early implantation (i.e., <1 yr) may not necessarily 
help deaf children to hear or discriminate phonemes better, but it may aid in the development 
of other processes related to language development, such as the ability to learn associations 
between spoken words and their referents (i.e., word learning).
Houston et al (2012) investigated the effects of early cochlear implantation on word-learning 
skills and found that toddlers who had their CIs activated between 7 and 14 mo of age were 
significantly better at a novel word-learning task than toddlers who had their CIs activated 
between 16 and 22 mo of age. Their findings suggest that early access to sound via a CI may 
facilitate the ability to learn novel words, which would put these children on a course for 
better language outcomes. Early access to speech may improve other skills as well, such as 
working memory and sensory integration, which would allow these children to better learn 
language.
It is important to mention several limitations of this study. First, the sample sizes for this 
study were small (n = 17 at the early interval and n = 10 at the later interval). Analyses with 
such a small sample size should be interpreted conservatively. Further, there were fewer 
children overall who used TC (n = 4 at the early interval and n = 2 at the later interval) 
versus OC. Another limitation of this study was that speech discrimination was assessed 
using one point-vowel contrast, /u/ vs. /i/. It may be useful to determine whether CI children 
perform similarly with other contrasts, such as those involving consonant changes, vowels 
with more similar formant values, or rhythmic differences, and whether the same factors 
influence discrimination of these contrasts. Lastly, the current study only evaluated five 
factors that might influence speech discrimination skills: chronological age, age at CI 
stimulation, best unaided PTA, gender, and communication mode. To perform a more 
thorough assessment, it may be helpful to obtain information on other potential factors that 
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might impact speech discrimination, such unilateral versus bilateral CI at the time of testing, 
cognitive assessment scores, and information on socioeconomic status or maternal 
education.
The present study adds to our knowledge of the role of early auditory experience on the 
development of speech perception abilities in deaf children who use CIs. It is among the few 
studies that have assessed speech perception in young children using direct behaviorally 
based assessment rather than parental report. Moreover, it is the only study we know of to 
date to investigate the effects of residual hearing on speech discrimination. Future studies 
involving a larger sample size, a number of varied speech contrasts, and a more 
comprehensive evaluation of potential factors influencing speech discrimination are needed 
to strengthen the results of this study.
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Figure 1. 
Hybrid VH procedure.
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Figure 2. 
Scatterplot and regression line of the regression analyses, plotting normalized looking time 
difference versus best unaided PTA at 2–4 weeks post CI stimulation (early interval). N = 
average looking time to novel trials; O = average looking time to old trials; NO = average 
looking time to novel and old trials.
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Table 1
Summary of Participant Demographics
Later Interval (N = 10) Early Interval (N = 17)
n Mean (SD; Range) n Mean (SD; Range)
Age at stimulation (mo) 17  15.6 (3.5; 10.2–21.8) 10  15.8 (2.0; 11.2–18.3)
Hearing age at test (mo) 17  16.4 (3.6; 10.7–22.4) 10  23.2 (2.8; 17.5–28.4)
Best unaided PTA (dB HL) 17     0.8 (0.3; 0.5–1.2) 10 10  7.5 (1.8; 5.8–10.1)
Chronological age at test (mo) 17 108.7 (11.1; 86.7–120) 10 106.9 (11.4; 86.7–120)
n Percent n Percent
Gender
 Female   9 52.9   7 70.0
 Male   8 47.1   3 30.0
Etiology of hearing loss
 Auditory neuropathy   1   5.9   0 0 
 CMV   1   5.9   0 0 
 Genetic   3 17.6   1 10.0
 Mondini malformation   1   5.9   1 10.0
 Unknown 11 64.7   8 80.0
Communication mode
 OC/cued 13 76.5   8 80.0
 Sign/TC   4 23.5   2 20.0
Race
 White 13 76.5   7 70.0
 Black   3 17.6   3 30.0
 Other   1   5.9   0 0
Notes: The column percentages show the percent of children with CIs in the early/later intervals with a specific characteristic. CMV = 
cytomegalovirus infection.
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Table 3
Predictors of Performance on Discrimination Task at 2–4 Weeks Post CI Stimulation (Early Interval)
B SE B β
Constant   3.42 1.27
Best unaided PTA −0.03 0.01
  −0.57*
Chronological age   0.11 0.70   0.62
Age at CI stimulation −0.12 0.72 −0.68
Gender   0.09 0.40   0.08
Communication mode   0.30 0.36   0.21
Notes: R2 = 0.319.
*p < 0.05. B = the unstandardized regression coefficient; SE B = the standard error of that unstandardized coefficient.
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Table 4
Predictors of Performance on Discrimination Task at 6–9 Months Post CI Stimulation (Later Interval)
B SE B β
Constant −2.66 1.26
Best unaided PTA   0.02 0.01   0.60
Chronological age −0.03 0.08 −0.22
Age at CI stimulation   0.14 0.09 −0.76
Gender   0.17 0.20   0.22
Communication mode   0.76 0.28
    0.87*
Notes: R2 = 0.52.
*p < 0.05. B = the unstandardized regression coefficient; SE B = the standard error of that unstandardized coefficient.
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